B Cell-Activating Factor Belonging to the TNF Family Acts through Separate Receptors to Support B Cell Survival and T Cell-Independent Antibody Formation
Svetlana Shulga-Morskaya, 1 S everal lines of evidence suggest that B cell-activating factor belonging to the TNF family (BAFF 3 ; also called BLyS, TALL-1, THANK, and zTNF4), promotes the generation and survival of mature B cells (1) (2) (3) (4) (5) . In vitro, exogenous BAFF increases the life span of splenic B cells and stimulates transcription of bcl-2 family members (6 -8) . In vivo, overproduction of soluble BAFF in transgenic mice increases the number of B cells in the spleen, lymph nodes, and peripheral blood (5, 9, 10) . Consistent with these observations, treatment of mice with rBAFF protein expands B cell regions in the spleen and increases the concentration of serum IgM and IgA (2) .
BAFF binding is not detectable on early immature B cells, but increases during maturation and may be mediated by three receptors (8) . BAFF-R (also known as BR3), transmembrane activator and calcium-modulator and cyclophilin ligand interactor (TACI), and B cell maturation Ag (BCMA) are all BAFF-interacting proteins variably expressed by B cells, although both TACI and BAFF-R have been reported on some T cell populations as well (5, (11) (12) (13) (14) (15) . BAFF is the only known ligand for BAFF-R, whereas both TACI and BCMA also bind the BAFF-related protein, a proliferation-inducing ligand (APRIL, also called TRDL-1) (5, 16 -18) .
The central importance of BAFF-R for BAFF function was first suggested by the analysis of A/WySnJ mice that express a mutated form of the receptor. A/WySnJ animals exhibit a significant loss of mature B cells and reduced Ab responses to T cell-dependent (TD) Ags, suggesting that signaling through BAFF-R is a positive regulator of survival (19 -21) . However, this phenotype is readily distinguishable from that observed in BAFF-null mice, which also have few mature B cells and exhibit attenuated Ab responses to both TD and T cell-independent type II (TI-II) Ags (9, 15, 22) . The complex nature of the A/WySnJ mutation makes it impossible to clearly define through the study of these animals which functions of BAFF are mediated by BAFF-R. A transposon insertion resulted in the replacement of the C-terminal 8 aa of BAFF-R with 21 unrelated residues (13) . Thus, the largely intact receptor in A/WySnJ mice may retain at least some signaling functions or act as a partially dominant-negative component in heteromeric signaling complexes.
The roles of the other known BAFF receptors in regard to BAFF function are still only partially understood. Surface expression of BCMA is absent or weak in most cells, and BCMA-null mice exhibit normal numbers of B cells as well as normal primary Ab responses to both TD and TI-II Ags (11, 23, 24) . However, BCMA is more highly expressed on human plasmablasts and murine longlived plasma cells, and has recently been shown to enhance the survival of these cells (25, 26) . The third known BAFF receptor, TACI, has been suggested to function as a negative regulator of B cell homeostasis. In vitro, purified B cells from TACI-null mice exhibit enhanced proliferation, and Ab secretion as compared with wild-type (WT) controls (27) . In vivo, TACI-deficient B lymphocytes are significantly expanded in number and produce enhanced Ab responses to TD Ags (27, 28) . Intriguingly, however, mice lacking TACI are compromised in their ability to respond to TI-II Ags (28) . However, as both TACI and BCMA also bind the BAFFrelated protein APRIL (18, 29 -31) , it is possible that TACI-and BCMA-dependent functions may reflect APRIL signaling.
In this report, we show that mice completely deficient in BAFF-R exhibit the same reduction in mature B cell number as observed in mice lacking BAFF. The failure of BAFF-R Ϫ/Ϫ mice to respond to exogenous BAFF treatment, and the lack of B cell loss in TACI;BCMA double mutant mice strongly supports the model that BAFF-R is the sole receptor mediating the B cell survival signal from BAFF. However, in contrast to BAFF-null mice, BAFF-R-null animals are capable of normal titer TI-II Ag responses. These results indicate that BAFF functions through at least one receptor other than BAFF-R to support or regulate the generation of Abs to TI-II Ags.
Materials and Methods

Mice
To create a BAFF-R-targeting construct, genomic 129/SvJ DNA isolated from a Lambda Library (Stratagene 946313; Stratagene, La Jolla, CA) was subcloned into a high-copy number plasmid and targeted by homologous recombination in bacteria (32) to insert a human CD2 reporter gene lacking cytoplasmic residues at the initiating ATG. The final construct was deleted in 530 nt of genomic DNA encoding the first 95 residues of BAFF-R; the deletion ends in the second exon and removes the putative ligand-binding and transmembrane domains. This construct was used to target the BAFF-R locus of E14.2 embryonic stem (ES) cells (33) , and correctly targeted cells were injected into C57BL/6 blastocysts to generate chimeric mice. Chimeras were crossed to C57BL/6 mice to generate founder mice. BAFF-R-and BAFF-null mice (9) analyzed were of a C57BL/6-129/Sv mixed background. A/J and A/WySnJ mice were maintained as homozygous strains via in-house breeding from founders purchased from The Jackson Laboratory (Bar Harbor, ME). All studies were performed following guidelines of the Biogen Idec Institutional Animal Care and Use Committee on 8-to 12-wk-old mice housed under specific pathogen-free conditions.
RT-PCR
Total splenic RNA purified using TRI reagent (Molecular Research Center, Cincinnati, OH) was treated with RQ1 RNase-free DNase (Promega, Madison, WI) and cDNA synthesized using random hexamer primers and Moloney murine leukemia virus reverse transcriptase (Promega). PCR amplification (45 cycles, with steps of 30 s each at 94°C and 63°C, and of 1 min at 72°C) was used to detect cDNAs of indicated sizes using specific primers: CD4 (590 bp; 5Ј-CAGCCCTGGATCTCCTTCTCC-3Ј and 5Ј-TGGCTCTTCTGCATCCGGTGG-3Ј); BAFF-R (521 bp; 5Ј-GACATG  GGCGCCAGGAGACTCCGGGTCCGA-3Ј and 5Ј-TGGGCCAGCTG  TCTTGGT GGTCACCAGCTC-3Ј); BAFF (397 bp; 5Ј-ATGG  ATGAGTCTGCAAAGACCCTGCCACCA-3Ј and 5Ј-TCCTCTGGT  CCCTGGAAAGCGCG-3Ј) .
FACS analyses
Single-cell suspensions were prepared from spleens ground between frosted slides into HBSS with 3% serum, strained through a 70-m nylon screen (Fisher Scientific, Hampton, NH) and counted with a Beckman Z2 Coulter Counter (Beckman Coulter, Fullerton, CA). After erythrocytes were lysed (6), cells were washed, and resuspended with CD16/32 Fc-Block (BD Pharmingen, San Diego, CA) in FACS buffer (3% serum, 10 mM HEPES, 0.02% sodium azide in PBS, pH 7.6). A total of 2 ϫ 10 7 cells/ml were stained in FACS buffer with the following anti-mouse Abs: anti-CD21-FITC, anti-CD8a-FITC, anti-CD62L-FITC, anti-CD4-PE, anti-IgD-PE, anti-B220-PerCP, anti-CD44-allophycocyanin, anti-IgM-allophycocyanin, anti-TCR␤-allophycocyanin, anti-CD23-biotin, anti-TCR␤-biotin, anti-TNP-biotin, anti-TACI-biotin (clone 8P2 and 5L7) and anti-BAFF-R (clone B2D8 and P1B8). Biotinylated Abs were detected with PE-, PerCP-, or allophycocyanin-conjugated streptavidin. Anti-BAFF-R (clone B2D8) was detected with PE-conjugated anti-hamster Ab. All Abs and streptavidin conjugates were purchased from BD Pharmingen, except anti-IgD-PE (Southern Biotechnology Associates, Birmingham, AL), anti-BAFF-R, and anti-TACI. Anti-BAFF-R was generated from a murine BAFF-R human IgG fusion protein immunization of Armenian hamsters and subsequent fusion with the P3X63Ag.653 murine myeloma line (34) following standard procedures (35) . Anti-TACI was generated from a murine TACI immunization of rats using similar methods. BAFFbinding to lymphocytes was assayed by incubation with biotinylated recombinant human BAFF (hBAFF), followed by detection with PE-conjugated streptavidin. After fixation with Cytofix (BD Pharmingen), at least 50,000 lymphocytes per sample were analyzed on the BD FACSCalibur (BD Biosciences, San Jose, CA). Data analysis was performed using FlowJo software (Tree Star, Ashland, OR).
Immunohistochemistry
B220/CD3 double immunohistochemical staining procedures were performed on formalin-fixed paraffin-embedded spleen sections. After heat induced epitope retrieval using 1 mM EDTA, pH 8.2, unconjugated rat mAbs from Serotec (Oxford, U.K.) were used to recognize CD3 (rat antihuman CD3, clone CD3-12) and CD45R/B220 (rat anti-mouse CD45R, clone RA3-6B2). Primary Abs were detected via the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) using biotinylated anti-rat immunoglobulins followed by avidin-biotin-HRP complexes; immunostaining procedures were performed sequentially using diaminobenzidine substrate (Vector Laboratories) to detect T cells and Vector VIP (Vector Laboratories) to detect B cells. B220/MOMA-1 double immunohistochemical staining procedures were performed on acetone-fixed cryosections of spleen. Unconjugated rat anti-mouse mAbs from Serotec were used to recognize metallophilic macrophages (clone MOMA-1), and CD45R/B220 (clone RA3-6B2). Primary Abs were detected as above, using diaminobenzidine for metallophilic macrophages, and Vector VIP for B cells. Tissue sections stained for B220/MOMA-1 were counterstained with methyl green. For germinal center (GC) analysis, SRBC immunizations, immunofluorescent staining, and GC quantification were as previously described (36, 37) . To measure total Ig levels, serum Abs collected from unimmunized mice were captured on plates coated with goat anti-mouse Ig (Southern Biotechnology Associates). IgM Abs were detected with AP-conjugated goat anti-mouse IgM, and IgG subclass Abs were detected with individual AP-conjugated anti-mouse IgG-subclass Abs (Southern Biotechnology Associates). Absolute Ab concentrations were determined from OD 405 values by comparison to dilutions of the appropriate IgM or IgG subclass standard (Southern Biotechnology Associates) captured on plates coated with goat anti-mouse Ig. Serum dilutions used to calculate Ab concentrations were chosen as described above.
Immunization and ELISA
Statistics
All statistical analyses were performed using Student's t test.
Results
Mice completely lacking BAFF-R or BAFF have similar B lymphocyte numbers
To create mice completely deficient in BAFF-R, we prepared a gene-targeting vector that removed most of the first two exons of coding sequence (Fig. 1A) . Two mouse ES cell lines heterozygously mutated at the BAFF-R locus were identified by Southern blotting (Fig. 1B) and injected into C57BL/6 blastocysts. Chimeric male mice derived from both clones transmitted the deleted BAFF-R allele to their progeny. Intercrosses of heterozygous mice derived from both clones yielded homozygotes in the expected Mendelian proportions (our unpublished observations). More extensive characterization of one line revealed a lack of detectable BAFF-R mRNA as assayed by RT-PCR (Fig. 1C) ; this line (BAFF-R5) was used for all subsequent analysis.
Analyses of BAFF-R Ϫ/Ϫ mice revealed that B lymphocyte populations were altered in a manner largely consistent with previous characterizations of BAFF Ϫ/Ϫ mice (9, 22) : severe reduction of mature B cell populations in lymph nodes, peripheral blood, and the bone marrow, but no loss of marrow pre-and pro-B cells ( Fig.  2A , and our unpublished observations) (9, 22) . Immunohistochemical staining of spleen sections from BAFF-R Ϫ/Ϫ and BAFF Ϫ/Ϫ mice showed that both exhibit similar preservation of CD3 ϩ T cells and severe loss of B220 ϩ B cells (Fig. 3) . Table  I , and our unpublished observations). Consistent with the observed similar phenotypes of BAFF-and BAFF-R-deficient mice, we find that B cells from BAFF-R Ϫ/Ϫ mice exhibit little or no BAFF binding (Fig. 2C) . Finally, although a reduction in at least some T cell populations has been reported in BAFF Ϫ/Ϫ mice (22), we do not observe a significant loss of any T cell populations for either BAFF-or BAFF-R-mutant mice (Table I) .
Although these results suggest that the A/WySnJ mutation is equivalent to a BAFF-R-null mutation in regard to loss of specific B cell populations, they do not rule out the possibility that the truncated receptor expressed in the A/WySnJ mice retains some signaling activity. Therefore, we compared B cell CD21 and CD23 surface expression in A/WySnJ mice with that in BAFF Ϫ/Ϫ and BAFF-R Ϫ/Ϫ mice, as expression of both genes has been shown to be BAFF-dependent (15) . FACS analysis of IgD high IgM low mature B cells revealed that expression of CD21 was reduced similarly in all three mutant strains (our unpublished observations). However, whereas mature B cells from BAFF Ϫ/Ϫ mice exhibit markedly lower CD23 expression than cells from the respective WT control animals, the same cell population in A/WySnJ mice has essentially 2D ).
BAFF-R is the primary receptor for BAFF-dependent B cell survival
The similar degree of B cell loss observed in BAFF Ϫ/Ϫ and BAFF-R Ϫ/Ϫ mice suggest BAFF-R is the primary receptor responsible for regulating the BAFF-dependent positive B cell survival signal. Consistent with this idea, we find that mice simultaneously lacking both of the other known BAFF receptors exhibit no B cell loss. In fact, TACI Ϫ/Ϫ ;BCMA Ϫ/Ϫ mice exhibit the same expansion of mature B cell populations as TACI Ϫ/Ϫ mice (Table II) (27, 28) . This result demonstrates that the lack of B cell loss in TACI Ϫ/Ϫ mice and BCMA Ϫ/Ϫ mice is not the result of redundancy between these two receptors, and that BAFF-R itself is sufficient to transmit the BAFF-dependent B cell survival signal in naive mice.
To confirm that TACI and BCMA do not mediate a BAFFdependent survival signal, we assayed B cell populations in BAFF-R Ϫ/Ϫ mice treated with recombinant hBAFF protein. Previously published reports demonstrated that BAFF-treatment of WT mice results in expansion of the B cell population (2, 38) . If BAFF were capable of promoting survival through either TACI or BCMA, we would expect to see B cell expansion in hBAFF-treated BAFF-R Ϫ/Ϫ mice. However, whereas a 72-h hBAFF treatment in BAFF Ϫ/Ϫ mice expanded the total splenic B220 ϩ population by 3-fold, no increase was observed in treated BAFF-R Ϫ/Ϫ mice (our Ϫ/Ϫ mice, but had no effect on this population in BAFF-R Ϫ/Ϫ mice (Fig. 4 ). These observations demonstrate that TACI and BCMA do not function to support the B cell survival signal from either endogenous or exogenous BAFF, and thus support the model that BAFF-R is solely responsible for transmitting the BAFF-dependent survival signal in naive mice.
B cell loss in BAFF-R Ϫ/Ϫ mice is a dominant phenotype
Mice lacking TACI exhibit increased numbers of peripheral B cells (27, 28) . To test whether repression of TACI signaling could compensate for the loss of BAFF-R, we created double mutant mice lacking both TACI and BAFF-R. These animals are born at expected Mendelian frequencies and survive to adulthood (our unpublished observations). FACS analysis of splenocytes strongly suggests that the loss of B cells in BAFF-R Ϫ/Ϫ mice is dominant to the increase in B cell number observed in TACI Ϫ/Ϫ mice; the numbers of total and mature splenic B cells in the double mutant animals are essentially identical with that observed in BAFF-R Ϫ/Ϫ mice (Table III) . Thus, loss of TACI does not result in a survival signal capable of compensating for BAFF-R function.
The dominance of the BAFF-R Ϫ/Ϫ phenotype over the TACI Ϫ/Ϫ phenotype (in regard to numbers of splenic B cells) suggests that the positive survival signal from BAFF-R is stronger than the negative signal from TACI. Consistent with this possibility, we find that multiple Abs against BAFF-R yield a stronger FACS signal on splenic B cells than do Abs against TACI (Fig. 5 , and our unpublished data). BAFF-R is expressed at high levels on both mature and transitional B cells, with the highest expression being on T2 and mature B cells (Fig. 5, and Ref. 15) . Although some marginal zone and/or T1 cells do not express TACI, at least some cells in each of the transitional and mature B cell populations do express TACI, albeit at much lower levels than seen for BAFF-R.
Ab responses in BAFF-R Ϫ/Ϫ mice significantly differ from those in BAFF Ϫ/Ϫ mice
To assess B cell Ab production in BAFF-R Ϫ/Ϫ mice, we measured both baseline serum Ig levels in naive mice, as well as Ab responses to specific Ags. These analyses were performed in parallel with BAFF Ϫ/Ϫ and A/WySnJ mice to directly compare the effects of each mutation on Ab formation. Consistent with our previous report (9) , Ig levels of IgM and all IgG subclasses were significantly reduced in naive BAFF Ϫ/Ϫ mice as compared with WT control animals (Fig. 6A) . Although the average serum levels of all Abs analyzed were also reduced in BAFF-R Ϫ/Ϫ mice, these levels differed significantly from WT levels only for IgM and IgG1. Interestingly, IgM levels in BAFF-R Ϫ/Ϫ mice were significantly higher than in BAFF Ϫ/Ϫ mice (Fig. 6A, p Ͻ 0.01) . In this analysis, and all immunization studies described below, the ratio of Ab levels in A/WySnJ mice to A/J mice was equivalent to that between BAFF-R Ϫ/Ϫ and BAFF-R ϩ/ϩ mice. Further differences between BAFF-and BAFF-R-null mice were revealed by analysis of Ag-specific Ab responses in mice immunized with TI-II Ags. We initially immunized mice with TNP-Ficoll, because A/WySnJ mice were previously shown to mount a normal titer IgM response to this Ag (21) , and then measured TNP-reactive Ab levels up to 14 days after immunization. BAFF-R Ϫ/Ϫ and A/WySnJ mice responded with Ag-specific IgM and IgG levels that were statistically indistinguishable from those in WT control mice (Fig. 6B, and our unpublished data) . In contrast, BAFF Ϫ/Ϫ mice exhibited severely attenuated production of anti-TNP Ab, particularly for IgM Abs (Fig. 6B, and Ref. 9) .
Analysis of mice immunized with the Pneumovax vaccine confirmed the finding that TI-II Ab production is BAFF-dependent, but independent of BAFF-R. By comparison to WT control mice, animals lacking BAFF produced 7-to 10-fold less Ab specific for the Pneumovax Ags. In contrast, BAFF-R Ϫ/Ϫ and A/WySnJ animals generated equally high levels of Ag-specific IgM as WT control mice (Fig. 6C, and our unpublished data) . Thus, for immunizations with two different TI-II Ags, BAFF-R-mutant mice exhibited responses nearly identical with WT mice, whereas mice lacking BAFF exhibited severely reduced responses that differed significantly from those in WT animals.
Analysis of mice immunized with TD Ags revealed different Ag-specific IgM responses between BAFF and BAFF-R mutant animals. At days 7 and 14 following KLH immunization, BAFF-R Ϫ/Ϫ mice exhibit levels of anti-KLH IgM that are statistically indistinguishable from that in WT control mice, whereas Ag-specific IgM levels in BAFF Ϫ/Ϫ mice were reduced on average ϳ10-fold (Fig. 7A) . Ag-specific IgM responses to SRBC immunizations were also less attenuated in BAFF-R Ϫ/Ϫ mice than in BAFF Ϫ/Ϫ mice ( p Ͻ 0.01), although no difference was observed between these mice in response to CGG immunization (Fig. 7A) . In contrast to IgM responses to KLH and SRBC, both primary and secondary IgG responses to KLH and CGG were similarly reduced in BAFF Ϫ/Ϫ and BAFF-R Ϫ/Ϫ mice as compared with respective WT controls (Fig. 7, B and C) . Immunizations with multiple Ags thus clearly reveal differences between ligand-and receptor-deficient mice in their abilities to respond to TI-II Ags, and in IgM responses to at least two TD Ags.
Recently published work has demonstrated a requirement for BAFF in sustaining GCs formed in response to immunizations with SRBC and (4-hydroxy-3-nitrophenyl)acetyl (37, 39) . To investigate the role of BAFF-R in mediating this signal, we assayed the kinetics of GC survival in BAFF-R Ϫ/Ϫ and WT mice. Histological examination of spleens reveals that BAFF-R Ϫ/Ϫ and WT mice exhibit a similar density of GCs 6 days after SRBC immunization. However, whereas control mice maintain, or increase, the number of GCs for least another 7 days, the number of GCs in BAFF-R Ϫ/Ϫ mice decreases thereafter (Fig. 8) . These data indicate that signaling through BAFF-R is required for the maintenance, but not the formation, of GCs in response to Ag.
MZB cells from BAFF-R Ϫ/Ϫ mice fail to capture TNP-Ficoll
It has been proposed that the immune response to TI-II Ags uses both MZB cells and peritoneal B1 B cells (40 -44) . To investigate the function of MZB cells in the response of BAFF-R Ϫ/Ϫ mice to TI-II Ags, we determined whether cells from the small MZB population in these mice could capture i.v.-injected TNP-Ficoll. Spleens were harvested 30 min after immunization, and cells stained with anti-TNP were analyzed by FACS to detect B cell populations with surface-bound Ag. Anti-TNP binding to cells in the IgM high IgD int -gated MZB/T1 population is shown in Fig. 9  (left panels) . This analysis reveals that MZB cells from both BAFF Ϫ/Ϫ and BAFF-R Ϫ/Ϫ immunized mice exhibit the same lack of anti-TNP-staining as do unimmunized mice. Interestingly, although TACI Ϫ/Ϫ mice fail to mount a normal immune response to TI-II Ags (28), MZB cells from TACI Ϫ/Ϫ mice capture Ag nearly as efficiently as those from WT mice (Fig. 9, lower left panel) . Consistent with published data that CD21 is required for complement-coated Ag capture by MZB cells (45) , the efficiency of Ag capture for all three mutant strains correlates with the level of MZB CD21 expression (Fig. 9, right panel) . These results indicate that the TI-II defect in TACI Ϫ/Ϫ mice does not result from poor Ag capture by MZB cells, and furthermore that efficient Ag capture by MZB cells is not required for the normal anti-TNP IgM titer observed in immunized BAFF-R Ϫ/Ϫ mice.
Preservation of peritoneal B1 cells in BAFF-R Ϫ/Ϫ mice
The possibility that differences between peritoneal B cells in BAFF Ϫ/Ϫ and BAFF-R Ϫ/Ϫ mice contributes to their different TI-II Ag responses led us to compare these populations from the respective mutant mice. FACS analysis revealed that in BAFF-R Ϫ/Ϫ mice, as well as BAFF Ϫ/Ϫ mice (9, 22), B2 populations are dramatically reduced, but that B1 populations appear well preserved (Fig. 10A) . Furthermore, both strains of mutant mice exhibit a similar ratio of B1a to B1b cells (Fig. 10A) . Thus, the discrepancy in TI-II responses between BAFF Ϫ/Ϫ and BAFF-R Ϫ/Ϫ mice does not appear to result from gross differences in the peritoneal B cell populations. However, it is possible that a more subtle defect in B1 cell function contributes to the reduced TI-II immune response observed in BAFF Ϫ/Ϫ and TACI Ϫ/Ϫ mice. As a first step in investigating the potential role of BAFF-R and TACI in peritoneal B1 cell function, we examined the cell surface expression of both receptors. Anti-TACI and anti-BAFF-R staining of peritoneal B1 cells revealed that both receptors are expressed on these cells (Fig.  10B) . However, whereas BAFF-R is expressed at similar levels on both B1 and B2 cells, TACI expression is notably higher on B1 cells, suggesting that TACI may have a B1 cell-specific function.
Discussion
In this paper, we have characterized mice completely lacking the BAFF receptor BAFF-R. Comparison of these mice to animals lacking BAFF indicates that both exhibit a similar loss of peripheral B cell subsets, but that there are significant differences in Ab responses. These results provide important insights into which receptors are used to mediate various BAFF-dependent signals to B cells. Additionally, comparison of A/WySnJ mice to BAFF-R Ϫ/Ϫ mice suggests that the partial mutation of BAFF-R in A/WySnJ mice is sufficient to prevent the BAFF-signaling required for efficient B cell survival, but that it is not absolutely equivalent to a complete null mutation.
The similarly low number of mature B cells in BAFF and BAFF-R mutant mice strongly supports the model that BAFF-R is the sole receptor mediating the BAFF-dependent survival signal. Consistent with the idea that neither TACI nor BCMA are responsible for mediating this signal, both BAFF-R Ϫ/Ϫ and A/WySnJ mice fail to respond to treatment with exogenous BAFF protein (38) . Importantly, we also show that mice simultaneously lacking both TACI and BCMA exhibit no loss of mature B cells. This result demonstrates that the lack of B cell loss in the TACI and BCMA single mutant animals (24, 27, 28) does not merely reflect redundancy between these receptors in regard to B cell survival. However, consistent with the findings of others, we find that TACI is indeed expressed on the cell surface of at least some subsets of transitional and mature B cells (46) . TACI expression is low compared with that of BAFF-R, consistent with our observation that B cells lacking BAFF-R fail to exhibit robust binding of BAFF.
Nonetheless, these findings do not rule out the possibility that receptors other than BAFF-R mediate some BAFF-dependent functions. Most obviously, both BAFF and TACI are required for TI-II Ab responses (9, 28) that we show are not dependent on BAFF-R. Additionally, BCMA has been implicated in the BAFFdependent survival of mouse plasma cells and human plasmablasts (25, 26) . Differences in GC maintenance between immunized BAFF Ϫ/Ϫ and BAFF-R Ϫ/Ϫ mice provide additional evidence that some BAFF-dependent functions are not totally dependent on BAFF-R. Both mutant strains generate normal splenic GC density in response to immunization, and both exhibit more rapid loss of GCs than in WT animals (37) . However, comparison of data previously published with that in this report reveals the lack of BAFF has a more deleterious effect on GC maintenance than does lack of BAFF-R (37). Finally, the receptor responsible for BAFF-dependent class-switching activity has not yet been identified, leaving open the possibility that a receptor other than BAFF-R may mediate this activity (47). The opposing functions of BAFF-R and TACI in regard to B cell survival led us to investigate the epistasis of mutations in these genes. We found that mice simultaneously lacking both genes exhibit the same reduction of mature B cells as observed in BAFF-R Ϫ/Ϫ mice. One possible explanation of this result is that TACI suppresses B cell survival only after a certain developmental stage and that this stage is never achieved in the absence of BAFF-R signaling. Alternatively, BAFF-R Ϫ/Ϫ mice may have too few B cells to activate pathways that negatively regulate B cell homeostasis, and thus the presence or absence of a negative regulator such as TACI would have no effect on B cell numbers.
We also compared BAFF-R Ϫ/Ϫ mice to A/WySnJ animals. Because the BAFF-R mutation in A/WySnJ mice leaves over 95% of the protein intact and includes novel carboxyl-terminal residues (13), it has been unclear whether this mutation is equivalent to a null mutation of BAFF-R. Although comparisons between BAFF-R Ϫ/Ϫ and A/WySnJ mice must be undertaken with caution due to differences in strain background, we observe that both mutations result in a similar loss of mature B cells (91 and 87%, respectively). Although this suggests that the BAFF-R mutation in A/WySnJ mice is sufficient to completely prevent transmission of the BAFF-dependent survival signal, analysis of B cell surface CD23 expression indicates a phenotypic difference between BAFF-R Ϫ/Ϫ and A/WySnJ mice. The minimal consequence of the A/WySnJ mutation on CD23 expression is intriguing in light of the observation that BAFF is required for CD23 expression (15) . Although we cannot rule out the possibility that strain differences between the A/WySnJ and gene-targeted mice contribute to the differential CD23 expression, these data suggest either that the BAFF-dependent regulation of CD23 expression is not dependent on BAFF-R, or that the A/WySnJ mutation does not completely nullify BAFF-R signaling. BAFF may regulate CD23 expression through both BAFF-R and at least one other receptor.
Although all three mutant mice analyzed in this study share a similar phenotype in regard to mature B cell survival, previous analyses have suggested differential Ag-specific Ab responses between BAFF Ϫ/Ϫ and A/WySnJ mice. Whereas Ag-specific IgM and IgG production is very reduced for both TD and TI-II Ags in BAFF Ϫ/Ϫ mice (9, 22) , the IgM responses to both the TD Ag KLH and the TI-II Ag TNP-Ficoll appear normal in A/WySnJ mice (21) . Furthermore, BAFF Ϫ/Ϫ mice exhibit a more rapid loss of GCs than do A/WySnJ mice (37) . However, it has been impossible to determine whether these differences reflected a difference between BAFF and BAFF-R function, or merely the partial nature of the BAFF-R mutation in A/WySnJ animals. Our parallel analyses of null mutation mice allow direct comparison of the effects of complete loss of BAFF vs BAFF-R. Although both strains were on a mixed 129/Sv-C57BL/6 background, which contributes to non-BAFF or BAFF-R locus variation between the two mutants and their respective WT controls, our data indicate that BAFF-R is indeed dispensable for at least some TI-II Ag responses in mice. We also demonstrate that at least part of the BAFF-dependence for both IgM responses to TD-Ags and the maintenance of GCs do not require BAFF-R. These results provide definitive evidence for BAFF-dependent functions that are clearly not dependent on BAFF-R. The fact that BAFF Ϫ/Ϫ and BAFF-R Ϫ/Ϫ mice have similar numbers of B cells indicates that the TI-II defect in BAFF Ϫ/Ϫ mice is not merely an indirect effect resulting from the relative absence of mature B cell populations. The BAFF requirement for TI-II responses may reflect the existence of a BAFF-dependent B cell subpopulation involved in the response, or possibly a BAFF signal directly required for Ab production. The most obvious receptor candidate for mediating these putative signals is TACI, as TACI Ϫ/Ϫ mice exhibit a TI-II immune response defect similar to that observed in BAFF Ϫ/Ϫ mice (28).
How BAFF-R Ϫ/Ϫ animals generate high titers of TI-II Ag Abs with such low numbers of mature B cells is not clear. One possibility is that a subpopulation of B cells responsible for this response is maintained at sufficient numbers despite the severe reduction in the global population of mature B cells. TI-II immune responses are believed to be mediated at least in part by MZB cells (41, 42) . This model is supported by the observation of a TI-II defect in Pyk-2 Ϫ/Ϫ mice, which appear to be normal for all B lymphocyte populations except for a dramatic loss of MZB cells (43) . However, our results indicate that loss of most MZB cells in itself does not prevent high titer IgG and IgM responses to at least some TI-II Ags. As a first order investigation into potential differences between MZB cells in BAFF-R-and BAFF-null mice, we assayed the Ag-binding capacity of these cells in each strain. Our finding that MZB cells from both mutant strains exhibit poor Ag binding suggests that differences in Ag capture by this population cannot explain the observed immune response differences. However, we cannot rule out the possibility that capture by marginal zone macrophages may be sufficient for efficient presentation to MZB cells, and that the different TI-II responses between BAFF Ϫ/Ϫ and BAFF-R Ϫ/Ϫ mice may be caused, at least in part, by differences in this capture or presentation (48, 49) . Nevertheless, our results indicate that efficient Ag capture directly by MZB cells is not required for a robust response.
Evidence also exists for B1 cell function in the TI-II response (40, 42, 44) , however, the role of these cells is more controversial, especially for the response against haptenated TI-II Ags such as TNP-Ficoll (50, 51) . Although previous reports have shown no gross loss of peritoneal B1 cells in BAFF-and TACI-null mice (9, 22, 28) , these cells may have defects that contribute to the poor TI-II response. The possibility that the function of these cells is BAFF-R-independent simply because they normally do not express the gene was nullified by our finding that it is indeed expressed on peritoneal B cells. However, we do observe TACI expression on peritoneal B1 cells, consistent with the idea that BAFF-dependent TACI signaling in these cells mediates TI-II responses in normal mice. Significant further effort will clearly be required to determine the BAFF-dependent cells and pathways responsible for TI-II immune responses.
